Introduction: Accurate individualised breast cancer risk assessment is essential to provide risk-benefit analysis prior to initiating interventions designed to lower breast cancer risk. Several mathematical models for the estimation of individual breast cancer risk have been proposed. However, no single model integrates family history, hormonal factors, and benign breast disease in a comprehensive fashion. A new model by Tyrer and Cuzick has addressed these deficiencies. Therefore, this study has assessed the goodness of fit and discriminatory value of the Tyrer-Cuzick model against established models namely Gail, Claus, and Ford. Methods: The goodness of fit and discriminatory accuracy of the models was assessed using data from 1933 women attending the Family History Evaluation and Screening Programme, of whom 52 developed cancer. All models were applied to these women over a mean follow up of 5.27 years to estimate risk of breast cancer. Results: The ratios (95% confidence intervals) of expected to observed numbers of breast cancers were 0.48 (0.37 to 0.64) for Gail, 0.56 (0.43 to 0.75) for Claus, 0.49 (0.37 to 0.65) for Ford, and 0.81 (0.62 to 1.08) for Tyrer-Cuzick. The accuracy of the models for individual cases was evaluated using ROC curves. These showed that the area under the curve was 0.735 for Gail, 0.716 for Claus, 0.737 for Ford, and 0.762 for Tyrer-Cuzick.
W
omen who are at increased risk for breast cancer can be identified on the basis of their individual risk factors. However, such an approach does not permit combination of multiple risk factors or calculation of a woman's lifetime probability of breast cancer. Therefore, multivariate risk models have been introduced. These models allow determination of a woman's composite relative risk for breast cancer as well as her cumulative lifetime risk adjusted for all risk factors. Such models therefore, provide an individualised breast cancer risk assessment, which is an essential component of the risk-benefit analysis from which decisions regarding the implementation of frequent surveillance, chemoprevention or prophylactic surgery can be made.
Two frequently used models are the Gail and Claus models. Gail et al, 1 2 described a risk assessment model that focuses on non-genetic risk factors with limited information on family history, while Claus et al 3 assessed the risk level based on family history of breast cancer. A third model, Ford 4 is based on personal and family history characteristics to identify the presence of any germline mutation of the BRCA genes. Both the Ford and Claus models are outputs of the BRCAPro software package.
There is evidence to support the use of these mathematical models. 5 However, until recently, no single model integrated family history, surrogate measures of endogenous oestrogen exposure and benign breast disease in a comprehensive fashion. A new model, Tyrer-Cuzick 6 is based partly on a dataset acquired from the International Breast Intervention Study (IBIS). 7 As can be seen in table 1, the Tyrer-Cuzick model addresses many of the pitfalls of the above models; significantly, the combination of extensive family history, endogenous oestrogen exposure, and benign breast disease (atypical hyperplasia).
The absence of a comprehensive risk assessment model and the choice of other models has led to much debate as to which package is best in the family history setting. Therefore, this study was designed to compare the predictive value of the Gail, Claus, Ford, and Tyrer-Cuzick risk assessment models using a cohort of women attending the Family History Evaluation and Screening Programme. These computerised models were also compared with a risk assessment undertaken by clinicians based on Claus tables with adjustment for other risk factors, particularly hormonal and reproductive factors (the Manual model).
METHODS

Study population
Since 1987, 4536 women have been assessed in the Family History Clinic at the University Hospital of South Manchester for their family history of breast and other cancers, and their hormonal and reproductive factors. These women completed a comprehensive breast cancer risk assessment during which risk factor information was collected, analysed, and archived to a database. Breast examination and mammography were also carried out.
Archived information includes: demographic details, family pedigree including any history of cancer (current age or age of death of any relative, type of cancer, and age at diagnosis), reproductive history (age at menarche, age at first pregnancy, duration of episodes of lactation, and age at menopause if applicable), history of benign breast disease (including number of benign biopsies), artificial oestrogen exposure (duration of oral contraceptive pill usage, hormone replacement, or fertility drugs), and morphometric information (height and weight). Ethnic origin has been collected since 1995. In addition, the database stores an absolute lifetime risk calculated using the Manual model.
The database also contains information regarding breast cancer incidence until at least January 2001. All women previously assessed for whom vital and tumour status was not available as of January 2001 and whose address showed residency within Greater Manchester or Lancashire were traced for such information on the North West Cancer Registry. The cancer registry data in combination with tumour and vital status from the database were used as the observed numbers of breast cancers for the purpose of comparison.
For analysis, 3170 women had all elements of hormonal, reproductive, and computerised pedigree available, and 20 of these had cancer at initial assessment. Of these, 1933 women were followed up in a regular 12-18 monthly mammography screening programme and 1217 women were discharged to routine follow up by their general practitioner and the National Breast Cancer Screening programme if aged over 50 years (the NHS programme offers 3 yearly screening from 50 years of age). There was a missing element to the dataset for 1366 women, which did not allow analysis in every risk package. The most frequent reason was that women were sent from the Regional Genetics Department with a photocopied pedigree.
Study tools
The computerised risk assessment packages Gail, BRCAPro (Claus and Ford) and Tyrer-Cuzick were tested on this population. Lifetime and 10 year risk for developing breast cancer were estimated using each of the models. Methods for risk estimation differed between the models (table 1). The Gail risk was established by importing the relevant data (current age, age at menarche, number of previous breast biopsies, age at first live birth, and the number of first degree relatives affected with breast cancer) into an external application. Claus and Ford risks were calculated using a supplementary plug-in for the Cyrillic 3 package, a software package designed to display family pedigrees for use in clinical genetics and genetic counselling. The required data was imported into the Cyrillic package by using an intermediate GEDCOM file (GEnealogical Data COMmunication). Example patients were assessed from the direct BRCAPro model and near identical risks to those obtained from the Cyrillic package were obtained. The TyrerCuzick model was also tested by importing the relevant details into an external application. These computerised models were then compared with a manual risk calculation (the Manual model), which was calculated in clinic. The Manual model uses the Claus tables 3 and curves 8 9 to prospectively calculate a heterozygote and lifetime risk (which includes a population risk element). The latter of these can then used to compute 10 year risks. Families fulfilling Breast Cancer Linkage Consortium (BCLC) criteria were given risks based on the penetrance and 10 year risks from the BCLC. 4 10 All other women were given 10 year risks calculated from the equivalent figure given in the Claus tables after a clinician's modification for hormonal and reproductive factors. This adjustment allowed for a maximum 50% upwards or downwards change in risk based on a combination of hormonal and reproductive factors. In practice, this meant a greater reduction than increase in the higher risk categories. As it is not possible to increase lifetime risk of 80-85% above 100%, only a maximum 25% upwards variation of the heterozygote risk is possible. 8 For example, if a woman has a 1 in 5 heterozygote risk, her hereditary element is 1/5 of 80%, that is, 16%. This can only rise to a maximum of 20%. However her population element of 6-8% (4/5 th s of 8-10% population risk) can rise to 9-12%. Therefore her risk calculated from family history can vary upwards from 22-24% to 29-32%, but may drop by 50% to 11-12%, that is, a population risk of 3-4% and a hereditary risk of 8%. A more detailed description of the Manual model is described elsewhere. 8 9 The outputs of all these models were used as the expected numbers of breast cancers.
Inclusion criteria
The sample was limited to the women for whom breast cancer risk estimation could be derived by all models. Only breast cancer incidence from time of initial assessment to January 2001 was assessed for the entire cohort. Data analysis was carried out on both the full population that had ever visited the Family History Clinic and again among those women still enrolled in the 12-18 monthly mammographic screening programme.
Statistical analysis
Predicted risk during the follow up period was compared against the observed numbers of breast cancers (database and cancer registry data). In order to express the predicted risk in terms of the follow up period, projections of the absolute 10 year risk were obtained from the models. These were then converted first into an annual risk (division by 10), and then into a follow up risk by multiplication by the number of years of follow up. Follow up was taken as the period of time from initial assessment with clinical breast examination and mammogram to the most recent examination or 31 January 2001, whichever was the later. All prevalence cancers were excluded. The expected number (E) of breast cancers within the cohort was calculated as the sum of these predicted risks. E was then compared with the observed number (O) of women with breast cancer, and 95% confidence intervals (CI) of the ratio of expected to observed numbers (E/O) were obtained with the use of the Poisson variance. This was carried out by first solving the 95% CI for O, specifically the values of O L for the lower limit and O U for the upper limit, and then dividing E by the values of O L and O U to obtain the upper and lower CI for this ratio.
These analyses were performed in two parts: (a) part 1, comparison based on the whole study population; and (b) N Any other family history combination.
Menarche:
N At or before 12 years of age; N After 12 years of age.
First live birth:
N At or before 30 years of age; N After 30 years of age and nulliparity.
In addition to the overall accuracy in terms of the numbers of cancers predicted, the accuracy for individual cases was also evaluated, that is, the ability of the models to separate individuals who will go on to develop disease from those who will be disease free. 11 To do this, the probability of developing cancer for the period at risk was calculated for each woman using the different models, and receiver operating characteristic (ROC) curves were generated. These are plots of the true positive rate against the false positive rate for different possible cut off points. They show the trade off between sensitivity and specificity of the different models (any increase in sensitivity will be accompanied by a decrease in specificity). In order to distinguish formally high risk from low risk subjects, the C statistic was calculated. For binary outcomes, Hanley and McNeil 12 quantified the concordance statistic (C statistic) as equal to the area under the ROC curve. Therefore, the Wilcoxon estimate of the area under the ROC curve was calculated for all models. The larger the area under the curve, the more accurate the test, with an area under the curve of 1 representing a perfect test, whereas an area of 0.5 or lower represents a poor test.
RESULTS
Analysis of the whole study population was carried out on data from 3170 women (range 21-73 years; median 44 years) (tables 2-5). Twenty prevalent cancers (table 6) were excluded (rate 20/3170 = 6.31 per thousand), leaving 3150 women for follow up. The mean time of follow up was 5.27 years (range 0.10-15.00 years). Fifty five per cent of the population had a follow up of more than 5 years, while only 9.7% had less than 1 year of follow up. During the course of follow up, 64 cancers were diagnosed, giving an incidence of 3.86 cancers per 1000 women per year. Ethnic origin was available on 2398/3150 (76%) women, of whom 95.7% were white Northern European, 2.6% Jewish, and 1.7% other (including Afro-Caribbean and Asian).
Analysis of the screening programme study population was carried out on data from 1933 women (range 25-73 years; median 46 years). The mean time of follow up was 6.39 years (range 0.28-15.00 years). Seventy per cent of the population had a follow up of more than 5 years while only 1.3% had less than 1 year of follow up. During the course of follow up, 52 cancers were diagnosed (including interval cancers), giving an incidence of 4.21 cancers per 1000 women per year. Table 2 shows the breakdown of ages of women in the total study population and the screening programme by age at initial assessment and breast cancer diagnosis. The age range of diagnosed cancers was 32-64 years in the overall population and 32-61 years in the screening group, although one cancer was detected in a 32 year old woman who commenced screening at 29 years. The degree of family history is presented in table 3.
All 12 cancers in the 1217 women not actively followed up were identified from the Cancer Registry more than 2 years after initial evaluation, and only four were detected by mammographic screening in the NHS Breast Screening programme.
Risk assessment using all five models was not possible in 1366 women on the database because of missing values for one or more of the criteria used by the models. Analysis of this group produced an identical expected versus observed ratio using the manual model (1.22 for both the nonincluded (29 cancers observed) and the included population).
The expected against observed counts for all breast cancers are shown in tables 4 and 5.
With the Gail model, 44.30 breast cancers were predicted from the total study population compared with 64 observed. This is an expected to observed ratio (E/O) of 0.69 (95% CI 0.54 to 0.90). Among the screening programme population, 25.03 cancers were predicted compared with 52 observed (E/O = 0.48, 95% CI 0.37 to 0.64). Therefore, the Gail model significantly underestimated the absolute risk of women.
With the Claus computer model, 48.56 breast cancers were expected from the total study population compared with the 64 observed cancers. This corresponds to an E/O ratio of 0.76 (95% CI 0.59 to 0.99). Among the screening programme population 29.15 cancers were expected compared with 52 observed (E/O = 0.56, 95% CI 0.43 to 0.75). Therefore, the Claus model also significantly underestimated the absolute risk of women.
Further analysis was carried out to calculate expected and observed rates for categories defined by breast cancer risk factors (tables 6 and 7). The results showed that the Gail and Claus models significantly underestimate risk across the entire risk factor categories. Importantly, they markedly underestimated risk among women in the screening programme with a single first degree relative with breast cancer (Gail E/O = 0.39, 95% CI 0.25 to 0.65; Claus E/O = 0.32, 95% CI 0.20 to 0.54). Furthermore, the Gail model appeared to show an increase in risk of breast cancer with early age at first pregnancy in the familial setting. Indeed, example cases showed that the model gives a substantially increased risk in the category of "patients with two affected first degree relatives" with decreasing age at first pregnancy and shows very little protective effect in the "patients with one affected first degree relative" category.
The Ford model performed worst, with only 42.28 breast cancers expected compared with 64 observed. This corresponds to an E/O ratio of 0.66 (95% CI 0.52 to 0.86). Among the screening programme population, 25.40 cancers were expected compared with 52 observed (E/O = 0.49, 95% CI 0.37 to 0.65). Therefore, the Ford model also significantly underestimated the absolute risk of women.
The Tyrer-Cuzick model performed best, with 69.57 breast cancers expected compared with 64 observed. This corresponds to an E/O ratio of 1.09 (95% CI 0.85 to 1.41). Among the screening programme population, 42.05 cancers were expected compared with 52 observed (E/O 0.81, 95% CI 0.62 to 1.08). Therefore, the Tyrer-Cuzick model did not show any significant deviation from unity for either of the study populations.
On further analysis (table 6 and 7), this pattern of accurate prediction was continued with most risk factor categories Table 6 Comparison of expected and observed cancers for categories defined by breast cancer risk factors for the full study population having E/O ratios, which did not statistically differ from 1.0. The exception to this was once again the women in the screening programme with a single first degree relative with breast cancer. In this sub-group, the Tyrer-Cuzick model also underestimated risk, however, its E/O ratio of 0.56 (95% CI 0.35 to 0.94) was still best of the computerised models. Finally, the Manual model also performed well, with 77.92 breast cancers expected compared with 64 observed. This corresponds to an E/O ratio of 1.22 (95% CI 0.95 to 1.58). Among the screening programme population, 46.43 cancers were expected compared with 52 observed (E/O = 0.83, 95% CI 0.68 to 1.20). Therefore, the Manual model also did not show significant statistical deviation from 1.0.
Further analysis of the Manual model (table 6 and 7) showed results similar to those of the Tyrer-Cuzick model, with most risk factor categories having E/O ratios, which did not exhibit a statistically significant deviation from unity. Significantly, the Manual model was the only model to predict risk accurately in women in the screening programme with a single first degree relative with breast cancer, achieving an E/O ratio of 0.67 (95% CI 0.43 to 1.14).
As there did not appear to be a significant effect of menarche on breast cancer risk using the age of 12 years to define the two subgroups, analysis was repeated with more extreme ages for menarche. Comparison of risk for women with menarche before 12 years with after 13 years was therefore undertaken. The E/O ratio in the Claus and Ford models (those not incorporating hormonal factors) was 0.64:0.72 and 0.56:0.64 respectively, implying a 12-14% increase in incidence in the earlier onset cohort. Table 8 shows the median and range of estimated 10 year risks for women who remained disease free and for women who developed breast cancer using each of the models. With all models, the median of the estimated 10 year risks was significantly greater among women who developed breast cancer than in women who remained disease free.
Analysis of the accuracy of the models for individual cases (fig 1, table 9) showed that of the models tested, the TyrerCuzick model performed best, with an area under the curve of 0.762 (95% CI 0.700 to 0.824). All the other models also showed an area under the curve significantly greater than 0.5.
DISCUSSION
Accurate individualised breast cancer risk assessment is essential for the provision of risk-benefit analysis prior to the initiation of any preventative interventions. Until recently, there have been no stand alone comprehensive breast cancer risk assessment models able to account for all significant permutations of family history, reproductive history, and personal history of benign breast disease. The Tyrer-Cuzick model is a new risk assessment model that appears to address these deficiencies. However, it has not been independently validated and its value in the family history setting is still unclear. Furthermore, there is no clear evidence that even the established risk assessment models (Gail, Claus, and Ford) have ever been fully tested among women attending family history clinics. Indeed the only such attempts we could identify [13] [14] [15] simply compared the risks obtained from using Gail and Claus, 14 Gail, Claus, and BRCAPro, 13 and Claus and a UK model, Houlston-Murday, 15 in women from a breast cancer risk assessment clinic. As the risk was only increased above the Gail estimate in 13% of 213 women, the authors of one report 13 concluded that the Gail model was accurate in this setting. The second report 14 also reported a higher risk in most of 491 women using the Gail model rather than Claus and concluded that both models should be used in the family history setting. The present study would suggest that none of these three established The present study has evaluated both the goodness of fit (as reflected in E/O ratios) and the discriminatory value of five methods for projecting invasive breast cancer (Gail, Claus, Ford, Tyrer-Cuzick, and the Manual model) using a cohort of women from the Family History Evaluation and Screening Programme.
It was found that only the Tyrer-Cuzick and Manual models predicted risk accurately. Of these, the Tyrer-Cuzick model showed the better overall agreement between expected and observed counts of breast cancer among the total study population (69.57 versus 64), while the Manual model was stronger among the screening population (46.43 versus 52). Considering all of the comparisons by categories of risk factors (tables 6 and 7), few E/O ratios deviated significantly from unity with the Tyrer-Cuzick model. The Gail, Claus, and Ford models all significantly underestimated risk, although some comparisons by risk factor categories did not reach a statistically significant deviation from unity. Therefore, the previous work comparing the latter three models favourably 13 14 15 is likely to be misleading, because while they give similar risk values in a risk assessment setting, all three underestimate risk.
In this study, the Gail, Claus, and Ford models all particularly underestimated risk in women with a single first degree relative affected with breast cancer. Tyrer-Cuzick and the Manual model were both accurate in this sub-group. Conversely, all the models accurately predicted risk in women with multiple relatives affected with breast cancer (two first degree relatives, or one first degree plus two other relatives). This implies that the effect of a single affected first degree relative is higher than may have been previously thought. The Gail model is likely to have underestimated in this group, as it does not take into account age of breast cancer and nearly all women in our single FDR category had a relative diagnosed at less than 50 years of age.
The Ford, Tyrer-Cuzick, and Manual models were the only models to predict risk accurately in women with a family history of ovarian cancer. As these are the only models to take account of ovarian cancer in their risk assessment algorithm, this confirms that ovarian cancer has a significant effect on breast cancer risk.
Although the Claus computer model has performed poorly, we do not believe that the model's algorithm contributed to its deficiency, as it is the same model we used in the manual calculation. It appears that that the BRCAPro models do not add in a non-BRCA1/2 element of risk. This accords with our own direct comparison with the Claus model (data not shown) and would explain why it does not perform well in the lower risk categories such as Group 1. Another possibility is that downward adjustments to heterozygote risk made due to the presence of unaffected female relatives are not counterbalanced by increases in risk in those without such unaffected relatives.
The Gail, Claus, and Ford models all significantly underestimated risk in women who were nulliparous or whose first live birth occurred after the age of 30 years. Moreover, the Gail model appeared to show increased risk with pregnancy ,30 years in the familial setting. It is not clear why such a modification to the effects of age at first birth should be made unless it is as a result of modifications made to the model after early results suggested an increase with BRCA1/2 mutation carriers. 16 However, the Gail model has determined an apparent increase in risk with early first pregnancy and it would appear to be misplaced from our results. Furthermore, Gail, Claus, and Ford models also underestimated risk in women whose menarche occurred after the age of 12 years. The Tyrer-Cuzick and Manual models accurately predicted risk in these sub-groups. These results suggest that age at first live birth also has an important effect on breast cancer risk, while age at menarche perhaps has a lesser effect. The effect of pregnancy ,30 years appeared to reduce risk by 40-50% compared with the older and nulliparous groups, whereas at the extremes of menarche there was only a 12-14% effect.
The accuracy of these models for individual cases has significant implications in their use in clinical counselling. 
